Here, we report the crystal growth, physical and transport properties of Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) topological insulator. Single crystals of Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) were grown by melting bismuth and antimony together using the facile self flux method. The XRD measurements displayed highly indexed 00l lines and confirmed the crystalline nature as well as the rhombohedral structure of the Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) crystals. Raman spectroscopy measurements for Bi 1-x Sb x system revealed four peaks within the spectral range of 10 to 250 cm -1 namely A 1g and E g modes corresponding to Bi-Bi and Sb-Sb vibrations.
Introduction
The advancement in the field of condensed matter physics is a result of the discovery of novel materials with exotic properties. Recently, the discovery of various Dirac materials viz., Graphene, three dimensional (3D) Topological Insulators (TIs) and Topological (Dirac/Weyl) semi-metals has attracted immense interest concerning both fundamental research and device applications [1] [2] [3] . In particular, 3D TIs, one of the newest wonders in condensed matter physics community has attracted significant attention due to their relatively large bulk band gaps and topologically protected surface states along with a single Dirac cone at the Г point of the Brillouin zone [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Further, strong spin-orbit coupling (SOC) along with time reversal symmetry (TRS) protected surface states makes these TIs as potential candidates for understanding novel quantum phenomena as well designing of futuristic electronic devices [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . To date, we have witnessed rapid research developments both on the side of experimental as well as in the theoretical understanding of these novel materials i.e., TIs.
However, the realisation of 3D TIs along with fascinating properties is still a challenging topic. Indeed, some of the well -known three dimensional (3D) TIs discovered so far include Bi 1-x Sb x , Bi 2 Se 3 , Bi 2 Te 3 , Sb 2 Te 3 and so on [1, 4, 5, [10] [11] [12] [13] . Interestingly, all the confirmed 3D TIs are chalcogenides i.e., possessing chalcogen atoms (Se and Te), whereas, Bi 1-x Sb x is an alloy. In this work, we report our investigations in one such TI material, namely Bi 1-x Sb x .
Following the theoretical discovery in early 1980's, the two dimensional (2D) TI exhibiting quantum spin Hall (QHE) effect was experimentally observed in HgTe/ CdTe quantum well [8, 9, 14, 15] . This further led to the experimental discovery of the first 3D TI i.e., Bi 1-x Sb x in 2008 by Hsieh et.al [10] . Its unusual surface bands were experimentally mapped using the angle resolved photoemission spectroscopy (ARPES) and scanning tunnelling spectroscopy (STS) [10] [11] [12] [13] . Bi 1-x Sb x is a semiconducting alloy of bismuth (Bi) and antimony (Sb) and is widely known for its thermoelectric properties [16] . Pure Bi is a semi-metal possessing strong SOC but, when substituted with Sb, the critical energies of the band structure changes. As reported, several physical factors (alloy composition, temperature, external pressure and magnetic field) govern the band structure of Bi 1-x Sb x system [14] [15] [16] [17] [18] [19] . Also, several reports have discussed theoretically about the electronic structure as well as the surface states of Bi 1-x Sb x based on the first principles calculations [20, 21] . Accordingly, Bi 1-x Sb x material exhibits band inversion at an odd number of time reversal invariant momentum (TRIM) and has an opening of a bulk band gap in the Sb concentration range of 0.09 to 0.23 [5, 16, 17] .
Additionally, Bi 1-x Sb x exhibits different states depending upon the Sb concentration viz., TI state (x = 0.03 -0.22), Dirac/Weyl semi-metal (DSM/WSM) below x =0.03 [3, 10, 12, [21] [22] [23] [24] . It is interesting to note that when the TRS is broken, DSM changes to WSM and exhibit various exciting transport properties such as large carrier mobility, low carrier density, anomalous Hall effect (AHE), giant linear magneto-resistance (MR), and negative longitudinal MR (LMR) [2, 3, [24] [25] [26] [27] . As reported, the negative LMR is a consequence of the Adler-Bell -Jackiw Chiral anomaly and occurs when the magnetic field and electric field are parallel to each other (B||E) [2, 3, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . So far, the chiaral anomaly induced negative LMR feature has been observed in 3D TIs, DSMs and WSMs (Bi 1-x Sb x , Cd 3 As 2 , Na 3 Bi, ZrTe 5 , TaAs and TaP) [26] [27] [28] [29] [30] [31] [32] [33] [34] . Further, Shin et al., have observed the violation of Ohm's law in Bi 1- x Sb x (x=0.04) sample for E||B in the Weyl metal state [35] . More recently, Su et al. theoretically investigated two WSM phases in Bi 1-x Sb x (x=0.5 and 0.83) samples [36] . Owing to its rapid progress, it is thus predicted that more novel properties will be discovered in the coming future in this (Bi 1-x Sb x ) well studied systems. Thus, it is very crucial to understand the fundamental physical properties of Bi 1-x Sb x TI for practical use. In the present paper, we discuss the growth of quality Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) single crystals and study the physical and transport properties of the same.
Experimental Details
Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) single crystals were grown using the self flux method via the conventional solid state reaction route. Stoichiometric mixtures (~1 gram) of high purity (99.999%) Bi and Sb were weighed accurately and grounded thoroughly inside an Argon filled glove box to obtain a homogeneous mixture. The well mixed powder after pelletization was sealed in an evacuated quartz tube (10 -3 Torr) and kept horizontally inside an automated programmable tube furnace. The quartz tube was heated to 650˚C with a rate of 42˚C/hour, hold for 8 hours and then slowly cooled (3˚C/hour) to 250˚C with a hold time of 95hours. Further, the sample was cooled from 250˚C to 245˚C (3˚C/hour), kept there for 73 hours and then finally allowed to cool down to room temperature (120˚C/hour). The detailed heat treatment is shown in the schematic diagram [ Figure 1 ]. The as grown crystals (~1 cm) were mechanically cleaved, resulting into a silvery reflective surface, which was prepared for 
Results and Discussion
To analyze the crystalline nature, XRD measurements were conducted on freshly cleaved Bi 1-
x Sb x (x = 0.05, 0.1 and 0.15) single crystals. Figure 3 (2 0 2) and marked by asterisk as depicted in Fig. 3(a, b, c) .
The existence of (2 0 2) peak might be due to the misaligned plane of Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) samples.
In order to confirm the phase purity and crystal structure of the as grown single Consequently, all the Bi 1-x Sb x (x = 0.05, 0.1 and 0.15) samples exhibited c-axis oriented rhombohedral structure of the space group, R-3m. The refined lattice parameters, atom parameters as well as the Chi square values are displayed in Table 1 . As seen from Table 1, with increase in Sb concentration from x = 0.05 to 0.15, the value of the lattice parameter c is observed to decrease from 11.81(2) Å to 11.77(5) Å. mode frequencies corresponding to Bi-Bi and Sb-Sb vibrations tends to increase (see Table   2 ). Accordingly, the Bi 1-x Sb x system exhibits a total of four E g and A 1g peaks corresponding to
Bi-Bi and Sb-Sb vibrations and the values of these mode frequencies are in agreement to the earlier reported literature [38 -41] . specifies the symmetric resistivity under applied and zero magnetic field respectively. The data used for Fig. 9(a) is the as acquired data. On the contrary, for Fig. 9(b-c) we did not observe any oscillations rather a little bit noisy MR plots were obtained from the as acquired data. Further, to compensate the noise, the MR data thus obtained from the as acquired data was slightly smoothened. The calculated MR (%) values of all the three Bi 1-x Sb x samples are displayed in Table 4 . Above ± 0.08Tesla (for 2K) and ± 0.18Tesla (for 5K), the MR curve takes an upturn with positive MR value and the WL behaviour disappears. Clearly, the coexistence of WL behaviour and negative MR at lower temperatures and magnetic field is really amazing.
Generally, materials with strong SOC exhibits positive MR value with WAL behaviour at lower temperatures and applied perpendicular magnetic fields [37, 43, 44] . In our present case, the possible reason for the coexistence of negative MR as well as WL behaviour might be due to the slight misalignment of the direction of the applied magnetic field and the transport current. The actual underlying mechanism behind the coexistence of negative MR and WL behaviour needs further studies.
Additionally, the Bi 0.85 Sb 0.15 sample exhibited unusual MR behaviour with values ranging from ~60% at 2K to ~52% at 50K respectively [ Fig. 9c (i fig. 9c (ii).
Apparently, the MR data at 2, 5 and 10K fits well to the above quadratic relation below 5Tesla, which suggests that the MR originated from contributions of both the quadratic and linear terms. However, the asymptotic increase of MR above 5Tesla needs further investigation in terms of higher field measurements.
Moreover, a coexistence of WAL/WL along with negative MR was observed at lower applied magnetic fields (H < ± 0.5Tesla) and temperatures below 50K as illustrated in fig. 9c (iii). The MR curve at 2K revealed a narrow dip (extremely sharp positive v-type cusp) near zero applied magnetic field which can be attributed to the WAL effect. Initially, the MR curve at 2K is observed to be increasing with positive values up to ± 0.05Tesla, and then starts to decrease at even higher fields (up to ± 0.2Tesla) with negative values. Further, above ± 0.2Tesla the MR curve takes an upturn and exhibits positive values. With the increment in temperature, the localization behaviour of the Bi 0.85 Sb 0.15 sample is significantly changed. As the temperature increases from 2K to 5K, the MR data is observed to broaden slightly i.e., low field v-type cusp is not as sharp as that observed for 2K, suggesting weakened WAL effect. The MR observed at 5K exhibits positive values up to ± 0.04Tesla, which further decreases with increase in magnetic field up to ± 0.16Tesla and then finally takes an upturn in a similar fashion to that observed for 2K. Above ± 0.2Tesla, the MR at 5K is seen to exhibit Table 5 ].
We then applied the HLN formula to the MC curves of Bi 0.9 Sb 0.1 sample measured at 2 and 5K with fields up to ± 6Tesla [ Fig.10 (b) ]. Accordingly, the Bi 0.9 Sb 0.1 sample shows that for lower temperatures (2 and 5K) ⍺ varies from -1.409 to -1.498, indicating that WAL dominates the MC curve with negligible WL component. The coherence length ( ) obtained is observed to decrease from 28.762nm to 27.187nm with increase in temperature from 2 to 5K. We also performed the HLN fitting for higher temperature (10, 50 and 100K, which is not shown) and the value of ⍺ is seen to vary from -1.433 to -4.24*10 -5 suggesting much stronger tendency towards WL i.e., WL contribution is maximized and the WAL contribution is minimized. However, the HLN fit at temperatures above 5 K are not satisfactory at lower field regime. Therefore, the coherence length derived from these fits is not reliable and is not
shown. The corresponding values of ⍺ and for lower temperatures (2 and 5K) are given in Table 5 . Table 5 . However, the MC data for 50K is not shown as it resulted in an erroneous fit. From table 5, it can be seen that the value of ⍺ varies from -0.011 to -0.003; whereas the phase coherence length varies from 17.330 to 23.083nm
as the temperature increases from 2 to 10K.
Conclusion
Summarily, a series of Bi 1-x Sb x single crystals ranging from x = 0.05 to x = 0.15 was synthesized using the facile self flux method, and its physical and magneto-transport properties were studied. XRD 
